Abstract: Semen quality may be adversely affected by exposure to environmental chemicals such as polychlorinated biphenyls (PCBs) and perfluorinated alkylate substances (PFASs) that are persistent and may act as endocrine disrupting compounds. The aim of this study was to explore whether PCBs or PFASs exposure were associated with abnormalities in semen quality or reproductive hormones in Faroese men. This population based cross-sectional study includes 263 Faroese men (24-26 years) who delivered a semen sample for assessment of sperm concentration, total sperm count, semen volume, morphology and motility. A blood sample was drawn and analyzed for reproductive hormones, PCBs and PFASs. Exposure to ∑PCBs and perfluorooctane sulfonate (PFOS) was positively associated with sex hormone-binding globulin (SHBG) and luteinizing hormone (LH). In addition, total testosterone (T) was positively associated with ∑PCB. Both PCBs and PFOS appear to lead to increased SHBG, perhaps mediated via the liver. The higher total T associated with PCB may represent a compensatory adaption to elevated SHBG levels to maintain an unchanged free testosterone concentration. The positive association to LH for both PCBs and PFOS may indicate a direct adverse effect on the testosterone producing Leydig cells.
Introduction
In the Faroe Islands, a North Atlantic fishing community, exposure to persistent organic pollutants (POPs) e.g., polychlorinated biphenyls (PCBs) and perfluorinated alkylate substances (PFASs) are high due to the consumption of the traditional diet that includes whale meat containing PFASs and methylmercury (MeHg) and blubber containing PCBs and other lipophilic substances [1] [2] [3] [4] . The range of exposures is unusually wide, more than 100-fold, with average PCB and MeHg exposures much higher than in any other Western population [5] . While PCB levels among the younger Faroese have decreased by two-thirds in recent years, they are still higher compared with the general US population (e.g., NHANES data) [6] . In contrast, recent data suggest that serum PFASs are similar to those of the U.S. general population [6] .
Exposure to PCBs and PFASs is ubiquitous, raising concern about known or potential adverse effects in humans. They are persistent environmental chemicals with long half-lives and endocrine disrupting chemicals (EDCs) that seem to mimic or inhibit the action of endogenous hormones, leading to adverse effects on male reproductive function [7, 8] .
The effects of PCB exposure on male reproductive function have been investigated in animal and epidemiological studies, though with somewhat conflicting results [8] [9] [10] [11] [12] [13] . Overall, studies of exposure to PCBs during adulthood indicate some association between PCB and lower sperm motility and, to some extent, decreased sperm DNA chromatin integrity and lower levels of testosterone [8] .
Few studies have investigated the adverse effects of PFAS exposure on male reproductive function [7, 8, 14] . Some studies suggest an adverse effect of current and perfluorooctane sulfonate (PFOS) and/or perfluorooctanoic acid (PFOA) exposure on sperm morphology [15, 16] , motility [16] , sperm concentration [17] , and reproductive hormone levels [15, 18] , whereas others report no adverse effects [8, 18, 19] .
The aim of the study was therefore to assess associations between current serum concentration of PCBs and PFASs and testicular function among young Faroese men from a population with a wide range of exposure levels.
Materials and Methods

Study Population
From 2007 to 2009, all young Faroese men (N = 1100) born between January 1981 and December 1984 were invited to participate in this cross-sectional study as previously described [20] . Invitation letters were sent, followed by a phone call to arrange the examination details. A total of 34 men had emigrated, and 43 letters were returned as undeliverable. Thus, 1023 men were invited and of these, 490 could not be reached by phone and they did not respond by mail. Thus, 533 men were reached by phone and 270 declined to participate. Hence, 263 men participated (49% of those reached or 24% of all receiving an invitation letter). Among the participating men, 21 did not provide a semen sample, but they were included in the analysis as they otherwise completed participation in the study. The examinations were carried out during a 24-month period from February 2007. The participating men underwent a physical examination, had a blood sample drawn for reproductive hormone analysis and exposure analysis, delivered a semen sample and answered a questionnaire that included information on previous or current diseases, including any known history of fertility potential and relevant lifestyle factors such as smoking and drinking habits [20] .
This study was approved by the Faroese Ethical committee and all participants provided their written informed consent.
Exposure Assessment
Serum PCB concentrations were determined using solid-phase extraction, and gas chromatographic analysis according to a method previously described [21, 22] , although the detection of the compounds was performed by a comparable method relying on a TSQ Quantum XLS triple quadrupole mass spectrometer (Thermo Scientific, San José, CA, USA) rather than gas chromatographic system with electron-capture detection. The following PCB congeners were measured: PCB 28, PCB 105, PCB 118, PCB 156, PCB 52, PCB 101, PCB 153, PCB 138 and PCB 180. The results were adjusted for total serum lipid content and reported as µg per gram lipid. The total lipid content was calculated according to Phillips formula [23] . The quality control has been described previously [24] .
The PCB exposure was estimated as the sum of serum concentrations of the three major PCB congeners 138, 153 and 180 multiplied by 2 [25] . Previous studies in this population have shown that these three PCB congeners represent close to 50% of the total concentration of PCBs [25, 26] . The limit of detection was 0.03 µg/L (LOD) for all congeners, which, at a mean lipid concentration of 7.45 g/L, corresponds to 0.004 µg/g lipid. The congeners PCB 118, PCB 138 and PCB 180 were detectable in virtually all samples.
The PFAS concentrations were measured in all serum samples by online solid-phase extraction followed by high-pressure liquid chromatography with tandem mass spectrometry [3, 27] . The analyzes quantified the five major PFASs, i.e., PFOA, PFOS, perfluorohexanesulfonic acid (PFHxS), PFNA (perfluorononanoic acid), and PFDA (perfluorodecanoic acid). Within-batch and between-batch imprecision levels (coefficients of variation) for all five PFASs were <3% and 5-8%, respectively. The quality control of the analysis was confirmed by regular participation in the German-External Quality Assessment Scheme (G-EQUAS) organized by the German Society of Occupational Medicine.
Semen Samples
Semen samples were produced by masturbation in a room close to the semen laboratory. The period of abstinence was recorded. The semen sample was analyzed according to the World Health Organization (WHO) 1999 guidelines [28] modified according to results from a study of inter-observer variation [29] . Semen volume was estimated by weighing the collection tube with the semen sample and subtracting the weight of the empty pre-weighed tube (1 mL semen = 1 g). After liquefaction, the sperm concentration was assessed as previously described [20] using a Bürker-Türk haemocytometer (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany). Total sperm count (semen volume x sperm concentration) was also calculated. For sperm motility assessment, 10 µL of well-mixed semen was placed on a clean glass slide kept at 37 • C and covered with a 22 × 22 mm coverslip. The preparation was placed on the heated stage of a microscope at 37 • C and immediately examined at ×400 magnification. The sperm were classified as progressive motile (WHO class AB motility), locally motile (WHO class C motility) or immotile (WHO class D motility). From each semen sample, a smear for morphology evaluation was made, Papanicolaou stained and finally assessed according to 'strict criteria' at the Department of Growth and Reproduction at Rigshospitalet (Copenhagen, Denmark) as previously described [20] .
Reproductive Hormone Analysis
Serum samples were analyzed at University Department of Growth and Reproduction, Rigshospitalet (Copenhagen, Denmark) as previously described [20, 24] for serum levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH), sex hormone-binding globulin (SHBG), testosterone (T), estradiol and inhibin B. Free testosterone (FT) was calculated on the basis of the measured serum concentrations of total testosterone and SHBG using the method of Vermeulen et al. assuming a fixed albumin concentration of 0.62 mmol/L [30] . In addition, the ratios inhibin B/FSH, total T/estradiol ratio, total T/LH, and FT/LH were calculated.
Physical Examination
The study participants underwent a physical examination performed by one of two examiners as previously described [20] . In short, the examination included assessment of body weight and height, the Tanner stage of pubic hair, and any abnormalities of the penis, epididymis or testis including the determination of the location of testis in scrotum. Testicular volumes were determined by palpation using a Prader orchidometer [31] .
Statistics
Outcome variables were semen quality (semen volume, sperm concentration, morphology and motility) and reproductive hormones (FSH, inhibin B, LH, T, FT, estradiol, SHBG, Inhibin B/FSH T/LH, FT/LH, T/estradiol, FT/estradiol) presented as median and interquartile ranges (IQR). The outcome variables were log transformed (all reproductive hormone concentrations and exposure concentrations), cubic root transformed (the sperm concentration, semen volume and total sperm count) or logit transformed (sperm motility) to achieve normal distribution of residuals. Percentages of morphologically normal spermatozoa were close to normally distributed and thus not transformed. The key exposure variables were ∑PCB, PFOA and PFOS; they were log transformed to approach a normal distribution and reduce the relative impact of some very high chemical concentrations.
First, we evaluated differences in ∑PCB, PFOS and PFOA exposures divided into tertiles (low/median/high) according to characteristics of the men. The crude between-group differences in the characteristics of the men were tested with ANOVA for continuous variables, chi square for categorical variables and t-test when comparing high versus low exposure groups. Correlations between ∑PCB, PFOA and PFAS concentrations were then explored using Spearman correlations.
Association between semen variables and ∑PCB, PFOA and PFOS levels as continuous variables were tested by linear regression, first crude and then adjusted for confounders; sperm concentration, semen volume and total sperm count were adjusted for period of ejaculation abstinence in hours, the percentages of motile spermatozoa were adjusted for duration from ejaculation to assessment while the reproductive hormones were adjusted for body mass index (BMI) as a continuous variable, smoking (yes/no, including occasional smoking in the yes group), age and hour of day of blood sampling (not included in the analyzes of FSH and LH).
We examined ∑PCB, the individual PCB congeners and the five measured PFASs as independent exposure indicators, one by one. However, results are presented for ∑PCB which has shown to be representative for the PCB exposure and the two major PFASs, PFOA and PFOS. p-values below 5% (two-tailed) were considered statistically significant. Analyzes were performed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA).
Results
The 263 Faroese men included in this study were between 24 and 26 years old. The median sperm concentration was 37.7 mill/mL and median testosterone level was 19.8 nmol/L. The median ∑PCB was 1.17 µg/g lipid, ranging from 0.1 to 3.4 µg/g lipid. PFOS was by far the most prevalent PFAS followed by PFOA with median PFOA concentration of 2.77 ng/mL, ranging from 0.93 to 20.43 while median PFOS concentration was 19.52 ng/mL, ranging from 4.34 to 72.85. The results of the serum analyzes of the PCB congeners, along with the ∑PCB and related substances and the five PFASs are shown in Supplementary Table S1. All PCB congeners except PCB 28 were highly correlated. Moderate correlations were observed between PFOA and the other PFASs (r from 0.27 up to 0.41) while the correlations between total PFOS and the other PFASs were stronger (r from 0.41 to 0.82). ∑PCB correlated weakly with total PFOS (r = 0.27) and not at all with PFOA (r = −0.04).
The major descriptive parameters for the study population stratified according to serum levels of exposure are summarized in Table 1 . Overall, only few significant differences in main characteristics based on exposure levels were observed. Age was positively associated with PFOA and PFOS levels, BMI was negatively associated with PFOA levels, medication was negatively associated with PFOS levels while SHBG was positively associated both with ∑PCB and PFOA levels. Comparing low versus high exposure, alcohol consumption was negatively associated with PFOS exposure, testis size was positively associated with ∑PCB levels while semen volume was positively associated with PFOA level. However, in the regression analysis with exposure as continuous variables and taking confounders into account, the semen variables did not differ according to the ΣPCB, PFAS or PFOA levels as summarized in Table 2 . There was a significant positive association between the ∑PCB and SHBG, LH, testosterone and the testosterone/estradiol ratio both in the unadjusted and adjusted analyzes (Table 3) . Regression coefficients (β) (95% CI) for effect of ∑PCB on SHBG, LH, testosterone and the testosterone/estradiol ratio were 0.05 (0.004-0.09), 0.06 (0.01-0.11), 0.04 (0.004-0.08) and 0.04 (0.01-0.08) respectively, all significant. Adjustment for serum PFOA or PFOS only changed the regression coefficients marginally. Performing the analysis with exposure as groups rather than continuous variables attenuated the associations and only the association between ∑PCB and SHBG and the testosterone/estradiol persisted (data not shown). Significant positive associations were observed between PFOS and SHBG and LH, both in the crude and adjusted analyzes. Regression coefficients (β) (95% CI) for effect of PFOS on SHBG and LH were 0.31 (0.02-0.6) and 0.35 (0.02-0.68) respectively. However, after adjustment for ∑PCB, these associations attenuated and became non-significant (β = 0.25, p = 0.1 for SHBG and β = 0.26, p = 0.1 for LH). Higher PFOA was significantly associated with lower FT/estradiol ratio but not FT or estradiol itself. Adjusting for ∑PCB had very little effect on the associations with PFOA (Table 3 ).
Discussion
In this unique population-based study carried out in a population with an unusually wide range of exposure and with average POPs exposures much higher than in any other Western population we found that higher serum PCB and PFOS concentrations were associated with higher levels of SHBG and LH. In addition, higher PCB levels were associated with higher levels of total T and T/E ratio. The altered SHBG levels may be the cause of the higher serum concentration of LH and total T levels, which might reflect a compensatory adaption to the elevated SHBG levels to maintain free testosterone concentrations unchanged.
We found no association between serum PCB concentration and the semen parameters, which is consistent with previous findings among Faroese fertile men [24] and e.g., Danish men [19] . Also, no association was found between semen variables and any PFAS, in accordance with some other studies [7, 32] . Thus, the low semen quality reported among these young men and fertile Faroese men [20] cannot be explained by a direct effect on semen parameters but may be explained by an interference by PCBs and PFAS on the regulation of reproductive hormones [33, 34] . A subtle adverse effect on testicular function may well be compensated by altered reproductive hormone stimulation of the testicles, and thus only the latter reveals the toxicity. Another explanation could be that due to the general elevated exposure of the Faroese population to these contaminants, the participating Faroese men were relatively high exposed. Thus, the lack of men with a very low exposure could be an alternative explanation for why we did not see a stronger effect of the current exposure. Also, the men may have been exposed during vulnerable development periods of the testis in utero.
Compared to other studies, the Faroese men had highest PCB153 levels (0.23 ng/g lipid (0.02-6.70 µg/g lipid) followed by Swedish fishermen (0.19 µg/g lipid (0.04-0.15 µg/g lipid) and Greenlandic men (0.17 µg/g lipid (0.05-5.50 µg/g lipid) [35] . The levels were lower among US male partners of infertile couples (0.04 µg/g lipid (0.01-0.36 µg/g lipid) [36] . In contrast, the PFOA and PFOS levels among the Faroese men were comparable or higher than in studies with other populations conducted during the same period [7] . The PFOS levels among Danish young men examined [2008] [2009] were lower compared to Faroese levels (PFOS of 7.8 ng/mL vs. 19.15 ng/mL), whereas there was no difference for PFOA levels (3.0 ng/mL vs. 2.77 ng/mL) [19] . However, a US study from 2005-2009 of male partners of couples intending to become pregnant reported median PFOS level of 19.15 ng/mL and PFOA level of 4.6 ng/mL [37] , i.e., comparable to the Faroese levels.
The positive association between PCB and SHBG levels among the Faroese young men is consistent with a previous study of Faroese 14-years old boys where increased SHBG levels were observed at higher PCB exposure levels [38] and, albeit only of borderline significance, in the Faroese fertile men [24] . This association between elevated PCB and SHBG levels has also been observed in other studies [35, [39] [40] [41] , although one study did not detect any association [42] . However, none of the studies found concomitants significant positive association with LH and SHBG as this study finds.
Further, the serum-SHBG concentration was higher among Faroese fertile and young men when compared with Danish men [20, 24, 43] , analyzed in the same laboratory. Also, gonadotropin levels were higher among Faroese men compared with Danes (FSH and LH, p < 0.0005) [20] while there was no statistical difference in the levels of inhibin B, T and estradiol (p = 0.6). These tendencies indicate deficient testis functions among the Faroese men, which appears to be compensated by the higher levels of gonadotropins. Accordingly, the altered hormone levels could be due to a different endocrine profile among Faroese men as a result of a subtle reduced Leydig cell capacity.
Due to our study design, we could not document causations. Experimental in vivo studies have, however, shown that elevated exposure to PCBs disrupts and diminishes Leydig cell function in adult rats [44] [45] [46] , and exposing lactating rats to Aroclor 1242, a PCB mixture of varying amounts of mono-through heptachlorinated homologs, caused significant adverse effects on Leydig cell function, reducing the capacity to produce T in response to LH stimulation in adult male offspring [47] . Another study of the toxic effects of Aroclor 1242 on Tm3 Leydig cells suggested that exposure to Aroclor 1242 at high concentrations may result in detrimental effects to Leydig cell homeostasis and impaired steroidogenesis, especially T biosynthesis, by inhibiting two important steroidogenic enzymes [48] . Further, PCBs are known to affect a variety of liver functions [49, 50] and PCB-induced hepatic SHBG synthesis could therefore play a possible role contributing to the increased serum-SHBG concentrations observed. This would result in an altered profile of serum concentrations of reproductive hormones compensating for the high SHBG which is evident in this study.
Our results showed positive significant association between PFOS and SHBG and LH. However, when PCB was included in the model, the association between PFOS and the SHBG and LH attenuated and became only borderline significant. This may indicate that the association is driven by PCB and/or due to reduced statistical power caused by correlation between the exposure variables. The positive association between PFOS and LH has been reported previously in a study of American men from an infertility clinic [18] while other studies pointed in different directions [15, 19, 51, 52] . In accordance with Joensen et al. [15, 19] , we found a borderline reverse association between free T/LH ratio and PFOS exposure.
One strength of the current study is the analysis of many PCB congeners. Some previous studies relied on PCB153 as the only PCB exposure marker [35, [39] [40] [41] . Although the persistence of PCBs adds validity to our exposure biomarker, mixed PCB exposures may have varied over time, and cross-sectional epidemiological studies are unable to distinguish between actions of the single congeners and other related contaminants and the interrelationships between multiple correlated congeners. This inadequacy often prevents studies from concluding whether one congener is of greater importance than another. Thus, we assume that the sum of major PCB congener concentrations better reflects the overall PCB mixture exposure. However, we did not analyze for co-planar dioxin-like PCBs and thus do not have full information on the dioxin-like activity on the hormones. However, a previous study showed that dioxin exposure in the Faroes is not higher than northern European levels [25] .
A concern is that our study, as most others, has relied on current serum PFAS and PCB measurements, i.e., not during the most vulnerable developmental stage. Such exposure misclassification will likely result in an underestimation of the true effects of PCB and PFAS exposures [53] . Further, with the cross-sectional nature of the study, reverse causation cannot be excluded. However, the young age of the study participants and the long half-lives of the PCBs and PFASs would argue against reverse causality. A previous study showed that the duration of breastfeeding remained as a significant predictor of serum-PCB concentrations in Faroese adolescents at age 14 years [54] . The data may therefore not only represent the accumulated exposure at the time of clinical examination, but also to some degree past exposures that may reflect vulnerable exposure windows. Further, several comparisons were made without adjustment for multiple testing. However, as most associations tested were based on a priori hypotheses, Bonferroni adjustment would be overly conservative, especially since the statistical tests are not independent [55] .
The participation rate was 49%, which may cause a potential selection bias with higher participation of men who had experienced fertility problems. However, these men were relatively young (24-26 years), and the mean age of fathers in a Faroese birth cohort collected in the same time period was 34.8 years [24] . Thus, we would expect that only a minority of men in this age group would be aware of their fertility status, thus limiting the risk of selection bias.
Conclusions
In this study of young Faroese men, PCBs and PFOS exposure were associated with increased SHBG, perhaps mediated via the liver. The higher total T associated with PCB may represent a compensatory adaption to elevated SHBG levels to maintain an unchanged free testosterone concentration. The positive association to LH for both PCBs and PFOS may indicate a direct adverse effect on the testosterone producing Leydig cells. Author Contributions: P.G., P.W., N.J. and T.K.J. made substantial contribution to conception and design. M.S.P., P.W., J.H. participated in acquisition of data. M.S.P. performed the statistical analyses and wrote the first draft. F.N., N.J. were involved in the sample analyzes. All authors participated in writing, reviewing and editing the article and in final approval of the version to be published.
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